A dual-functional antenna array operating in the long term evolution (LTE) band 42 (3.4-3.6 GHz) and 5.8-GHz wireless wide area network (WLAN) band (5.725-5.875 GHz) for multipleinput multiple-output (MIMO) applications in 5G smartphones is proposed. The proposed 8-antenna array is composed of two different antenna elements, namely, the folded L-shaped antenna and couple-fed U-shaped antenna. It can be applied in the 8 × 8 (by using 8 antenna elements) and 4 × 4 (by using 4 antenna elements) MIMO system across the LTE band 42 and 5.8-GHz WLAN band, respectively. The quasi-orthogonal polarization, balanced mode excitation and pattern diversity are properly used to achieve high isolation within the operation bands. A prototype of the proposed antenna array was fabricated and measured. The measured isolations in the LTE band 42 (6-dB impedance matching) and 5.8-GHz WLAN band (10-dB impedance matching) are better than 17.1 dB and 34.6 dB, respectively. The total efficiencies are 45%-62% and 52%-59% in the two operation bands, respectively. Besides, the measured envelope correlation coefficients (ECCs) are less than 0.045 and 0.0001, the calculated peak ergodic channel capacities are 37.9 bps/Hz and 19.3 bps/Hz in the 8 × 8 or 4 × 4 MIMO system across the operation bands. Furthermore, user's hand and head effects are investigated and desirable results are obtained. The above results show that this proposed antenna array is a good candidate for MIMO applications in smartphones.
I. INTRODUCTION
With the growing demands of higher data rates in the future 5G communication system, the multiple input multiple output (MIMO) technology has attracted increasing attention both in industry and academia [1] . However, it faces a great challenge to place multiple antennas in the limited design space while achieving high isolation and multi-band. In [2] - [6] , some multi-band antenna arrays operating in the sub-6 GHz bands (5G frequency bands below 6 GHz) for future 5G smartphones have been proposed. However, the isolations of these multi-band antenna arrays are merely better than about 10 dB, because it is very challenging to reduce the mutual coupling of the high-order MIMO antenna array.
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Various types of decoupling techniques have been reported to achieve high isolation, such as the neutralization line [7] and parasitic structure [8] . The work in [9] has achieved high isolation by loading decoupling elements, but the decoupling elements sacrifice the total efficiency of antenna array. In addition, several high-isolation antenna arrays operating in the sub-6 GHz bands for smartphone application have also been reported in [10] - [18] . However, these works only support single band operation.
The future 5G communication network is a multi-network converged system. The convergence of licensed 5G long term evolution (LTE) bands and unlicensed wireless wide area network (WLAN) spectrum can well meet the growing traffic demand in the heterogeneous networks [19] , [20] . Even though other works in [21] - [25] have obtained desirable results, these antenna arrays rarely support the WLAN bands, such as the 5.8-GHz WLAN band (5.725-5.875 GHz). Among the currently announced sub-6 GHz bands, the LTE band 42 (3.4-3.6 GHz) is the most widely adopted band for future 5G deployment. Presently, the design of high-isolation MIMO antenna array covering the LTE band 42 and WLAN band is rarely reported.
In the article, a dual-functional antenna array that covers both the LTE band 42 and 5.8-GHz WLAN band for 8 × 8 (by using 8 antenna elements) and 4 × 4 (by using 4 antenna elements) MIMO applications in smartphones is proposed. The proposed antenna array consists of two types of antenna elements, namely, the folded L-shaped antenna (FLA) and couple-fed U-shaped antenna (CUA). The FLAs support dual-band operation that cover both the LTE band 42 and 5.8-GHz WLAN band, the CUAs operate at the LTE band 42. By combining the quasi-orthogonal polarization, balanced mode excitation and pattern diversity, high isolation can be achieved in the operating frequency bands. The proposed antenna array was fabricated and measured. Desirable isolations, envelope correlation coefficients (ECCs), total efficiencies and ergodic channel capacities over the entire operating bands are obtained. The main achievements of this work are as follows: (1) High isolation (more than 17.1 dB) is achieved while supporting the multi-band operation. (2) Cover both the 5G and WLAN bands that are rarely reported but favorable for future multi-network converged system.
II. PROPOSED ANTENNA DESIGN
A. ANTENNA ARRAY GEOMETRY Fig. 1 shows the geometry and detailed dimensions of proposed antenna array. As depicted in Fig. 1(a) , the printed circuit board (PCB) is fabricated using a 0.8-mm thick FR4 substrate (ε r = 4.4, tan δ = 0.02) of a length 150 mm and a width 75 mm. Two FR4 dielectric frames (0.8 mm × 6.2 mm × 75 mm) orthogonally surround the long edges of PCB, making the total dimensions of the antenna array to be 150 mm × 75 mm × 7 mm. In addition, the system ground plane is printed on the back surface of PCB. The proposed 8-antenna array consists of two types of antenna elements, namely the FLAs (Ants 1, 4, 5, 8) and CUAs (Ants 2, 3, 6, 7). The four FLAs are separately loaded near the four corners, and the four CUAs are printed in the middle section of two FR4 dielectric frames.
Figs. 1(b) and (c) illustrate the detailed structure and dimensions of the FLA and CUA. The FLA consists of two branches (namely the left branch and right branch) and a U-shaped ground clearance (UGC). Consider Ant 1 as an example. The left branch is a rectangular metal strip, which is electrically connected to the ground plane by a metallized via-hole (Via-hole 2). The right branch is an L-shaped metal strip, a metallized via-hole (Via-hole 1) is placed at its right end for electrical grounding. The width of both branches and 50-ohm microstrip feedline is 1.5 mm. In the ground plane, two vertical open-end sections of UGC share the same dimension of 1 mm × 1 mm, and the bottom portion of UGC occupies the dimension of 10.6 mm × 1 mm. The FLA is designed to excite dual-band operation that can fully cover the LTE band 42 and 5.8-GHz WLAN band. As for the CUA operating at LTE band 42, it is composed of a rectangular feeding strip (8.2 mm × 1 mm) and a U-shaped metal strip (27.6 mm × 5.6 mm). They are printed at the front and back surface of FR4 dielectric frames, respectively. The U-shaped metal strip is coupled fed by the rectangular feeding strip which is connected directly to a SMA connector. The vector current distributions of CUA at 3.5 GHz are plotted in Fig. 4 . The coupled current from rectangular feeding strip flows into the left current path (G → H → I) and right current path (G → L → K), respectively. In addition, the length of these two current paths is about 28.5 mm (0.33λ 1 ). At point G, the direction of current inverts and the intensity of current is weak, therefore G is regarded as the current null point. The current path is blocked by the capacitance in the upper section of U-shaped metal strip, which causes a virtual current null in point J. Therefore, the CUA is equivalent to the combination of two half-wavelength dipole antennas (section GHI and GLK) at the two current nulls (points J and G). Besides, the vector current distributions resemble those of 1-wavelength loop mode, therefore the CUA works as a balanced mode at 3.5 GHz. Due to the selfresonance characteristics of the dipole antenna, the intensity of induced ground current is very weak.
B. SIMULATED RESULTS AND ANALYSIS

III. RESULT AND DISCUSSION
A. PROTOTYPE AND S PARAMETERS
The proposed 8-antenna array was fabricated, and its characteristics (including the S parameters and 2D radiation patterns) were measured and analyzed. The photos of the Comparing the measured S parameters with the simulated ones in Fig. 2 , good agreement is obtained. Some small differences are probably due to the fabrication tolerance and soldering quality of SMA connectors. It is observed in Fig. 6 (a) that Ants 1-4 can provide a wide bandwidth (the reflection coefficient lower than -6 dB) to cover the LTE band 42 (3.4-3.6 GHz), wherein the isolations between antenna elements are better than 17.1 dB. As observed in Fig. 6(b) , the desirable 5.8 GHz WLAN band (5.725-5.875 GHz) can be fully covered (the reflection coefficient lower than -10 dB) by Ants 1 and 4. The isolation between Ant 1 and Ant 4 is better than 34.6 dB, while that of Ant 1 and Ant 5 is better than 37.4 dB in the operation band. In summary, the measured data indicate that the proposed antenna array can fully cover the LTE band 42 and 5.8 GHz WLAN band with high isolation.
B. RADIATION PERFORMANCE AND MECHANISM OF HIGH ISOLATION
The simulated and measured total efficiencies of the proposed antenna array in the two operation bands are shown in Fig. 7 . The method of measuring the total efficiencies is as follows: Theoretically, the total efficiency is the percentage of the total power (measured over the sphere in the far field) to the total input power on the antenna after subtracting the cable loss and path loss in propagation. In our ETS-Lindgren chamber, the antenna under test is used as a transmitter, and the dual polarized horn antenna is used as a receiver. When measuring one antenna element, the other antenna elements are terminated with 50-ohm loads to secure the measurement accuracy. In each total efficiency measurement, the antenna fixture is rotated in two directions of theta and phi (theta = 0-180 • , phi = 0-360 • ) with each step as 5 • . In addition, the horn antenna stands still to receive the total power from the vertical and horizontal polarizations. As shown in Fig. 7 , the simulated total efficiencies are in good agreement with the measured results. In the LTE band 42, the measured total efficiencies of FLAs (Ants 1, 4, 5, 8) are from 47% to 57%, whereas those of CUAs (Ants 2, 3, 6, 7) range from 45% to 62%. In the 5.8-GHz WLAN band, the measured total efficiencies of FLAs (Ants 1, 4, 5, 8) vary between 52% and 59%. Therefore, the measured total efficiencies of this antenna array are 45%-62% and 52%-59% in the two operation bands, which fulfills the practical requirement (better than 40%) in the smartphones.
In the LTE band 42, the high isolation is achieved by the quasi-orthogonal polarization and balanced mode excitation, while in the 5.8-GHz WLAN band, the high isolation is obtained by the pattern diversity. In order to verify the polarization of antenna elements in the LTE band 42, the measured theta-polarized and phi-polarized radiation patterns in the xy plane at 3.5 GHz are shown in Fig. 8 . Considering the similarity of measured radiation patterns, the results of Ants 1, 2 are presented. The proposed antenna array has a good agreement between the simulated and measured radiation patterns. As shown in Figs. 8(a) and (b), at 3.5 GHz, Ant 1 shows broadside phi-polarized radiation pattern, while Ant 2 exhibits theta-polarized radiation pattern. The cross-polarization discrimination (XPD) of Ants 1 and 2 are 11.1 dB and 15.3 dB, respectively. Therefore, their quasi-orthogonal polarization characteristic result in the high isolation (Ant 1 and Ant 2) across the LB. The high isolation of opposite antenna elements (such as Ant 2 and Ant 6) is due to the large distance and pattern diversity [27] .
To understand mechanism of high isolation between Ant 2 and Ant 3 in the LTE band 42, the vector current distributions at 3.5 GHz for Ants 2 and 3 are presented in Fig. 9 . As Ant 2 is excited, the current is almost on Ant 2 rather than the ground plane, therefore the current flowing to Ant 3 is very small. Due to the balanced resonant mode of CUA at 3.5 GHz, good decoupling between Ant 2 and Ant 3 can be obtained.
In order to verify the polarization of antenna elements in the 5.8-GHz WLAN band, the measured theta-polarized and phi-polarized radiation patterns in the xy plane at 5.8 GHz are shown in Fig. 10 . As shown in Figs. 10(a) and (b), at 5.8 GHz, Ant 1 and Ant 4 exhibit complementary radiation features in the xy plane, which mainly radiate in the direction of phi = 0 • . Since Ant 1 and Ant 4 are far from each other and radiate in the same direction, desirable pattern diversity and good isolation can be obtained in the 5.8-GHz WLAN band.
Hence, in the LTE band 42, the mutual coupling between Ant 1 and Ant 2 is reduced by their quasi-orthogonal polarization characteristics, while the mutual coupling between Ant 2 and Ant 3 is mitigated by the excitation of their balanced resonant modes. In the 5.8-GHz WLAN band, due to the pattern diversity and the large distance separation between two antenna elements (Ant 1 and Ant 4), good isolation can be obtained.
C. MIMO PERFORMANCE
The envelope correlation coefficient (ECC) and ergodic channel capacity are typical functions to evaluate MIMO performance of an antenna array. The ECC describes the correlation between any two antenna elements in a MIMO antenna array. The lower ECC values lead to higher the diversity gain, which are highly expected in the MIMO antenna array [28] . The ECC between antenna i and j can be calculated using the following formula [29] :
where ρ ij denotes the ECC between antenna i and antenna j, F i (θ, ϕ) and F j (θ, ϕ) are the field pattern of two radiating elements with respect to θ and ϕ components, * denotes the complex conjugate operator. Fig. 11 presents the ECC values calculated from the measured complex electric field patterns. In this figure, it is observed that the calculated ECC values are lower than 0.045 and 0.0001 in the LTE band 42 and 5.8-GHz WLAN band, respectively. As smaller ECC values will result in a higher diversity gain, the proposed antenna array has good diversity capability within the operation bands. In the N × N MIMO system (N is the number of antennas at the transmitting side), if the transmitter does not know the channel conditions, and the power is equally allocated to every transmitting antenna, the ergodic channel capacity C can be calculated as follows [30] :
where E denotes expectation with respect to different channel realizations, I N is a N × N identity matrix, SNR is the mean signal-to-noise ratio at the receiving terminal, H is the N × N channel matrix, and (.) H denotes the Hermitian transpose. The calculated ergodic channel capacities of the proposed antenna array for 8 × 8 MIMO in the LTE band 42 and 4 × 4 MIMO in the 5.8-GHz WLAN band are presented in Figs. 11(a) and (b) . In calculation, it is assumed that the uncorrelated distributed channels obey Rayleigh fading environment and the transmitting antennas are uncorrelated with total efficiencies of 100%. Besides, the ergodic channel capacities of proposed antenna array are averaged over 100,000 Rayleigh fading realization with the signal-to-noise ratio (SNR) of 20 dB [31] . As shown in Figs. 12(a) and (b) , the ergodic channel capacities achieve 34.3-37.9 bps/Hz and 18.6-19.3 bps/Hz for the 8 × 8 MIMO (working in the LTE band 42) and 4 × 4 MIMO (working in the 5.8-GHz WLAN band) system, respectively. The peak ergodic channel capacities (37.9 bps/Hz and 19.3 bps/Hz) in the two operation bands are much better than the upper limit for 2 × 2 MIMO, thereby exhibiting desirable multiplexing capability.
D. USER'S HAND AND HEAD EFFECTS
As human body has a significant impact on antenna performance [32] , the effects of user's hand and head are also investigated in this section. The CST Studio Suite 2019 was used to simulate and analyze the user's hand and head effects. Three typical usage scenarios, namely the data mode (DM, single-hand mode), read mode (RM, dual-hands mode) and talk mode (TM, single-hand and head mode), are illustrated in Fig. 13 . The simulated S parameters results of the proposed 8-antenna array under the DM, RM and TM are shown in Fig. 14. For DM condition, the impedance matching of Ants 1, 4 5 and 8 is evidently influenced, especially for Ant 1, as shown in Figs. 14(a) and (b) . The reflection coefficients of Ants 2, 3, 6 and 7 are well below -6 dB in the LTE band 42, and those of Ants 4, 5 and 8 are well below -10 dB in the 5.8-GHz WLAN band. While the reflection coefficients of Ant 1 are significantly affected in the two operation bands. In addition, the isolations of antenna array are higher than 14.6 dB and 28.3 dB in the LTE band 42 and 5.8-GHz WLAN band, respectively.
Under RM scenario, because antenna elements on the right hand side (Ants 1, 2, 5 and 6) are symmetric with the antenna elements (Ants 4, 3, 8 and 7) on the left hand side, as shown in Fig. 13(b) , only the S parameters of Ants 1, 2, 5, and 6 are illustrated in Figs. 14(c) and (d) . It is observed in Fig. 14(c) that Ants 1, 2, 5 and 6 can still provide a sufficient bandwidth (the reflection coefficient lower than -6 dB) to cover the LTE band 42, wherein the isolations between antenna elements are better than 16.7 dB. As observed in Fig. 14(d) , the 5.8 GHz WLAN band can still be supported (the reflection coefficient lower than −10 dB) by Ants 1 and 5, and the high-isolation level (>25.2 dB) can still be maintained.
Under TM scenario, the hand and head phantoms deteriorate the impedance matching of antenna elements, especially On the other hand, how the total efficiency results are influenced by the hand and head phantom are also investigated. Fig. 15 shows the simulated total efficiency results under the effects of hand and head across the two operation bands. As a very lossy medium, hands can absorb a lot of radiated energy of antenna elements [33] . As shown in Fig. 15(a) , in the LTE band 42, the total efficiencies of Ant 1 are below 21% under DM scenario, while those of other antenna elements (Ants 2-8) are greater than 25%. This is because Ant 1 is in direct contact with the fingers, others antenna elements are relatively far from the fingers. The absorption losses and resonant frequency deviations of Ant 1 are larger than other antenna elements. As shown in Fig. 15(b) , for the DM across the 5.8-GHz WLAN band, the total efficiencies of Ant 1, which is in proximity to the fingers, are below 21%, while Ants 4, 5 and 8 can still work well with desirable total efficiencies (greater than 42%). Therefore, under DM scenario, the proposed 8-antenna array is still good for 7 × 7 (Ants 2-8) and 3 × 3 (Ants 4 5 and 8) MIMO operation across the LTE band 42 and 5.8-GHz WLAN band, respectively.
Under RM scenario, it can be observed that the total efficiencies of Ant 1 are lower than 9% across the LTE band 42, while other antenna elements (Ants 2, 5 and 6) can achieve total efficiencies of 34%-50%, as shown in Fig. 15(c) . For the 5.8-GHz WLAN band, the total efficiencies of Ant 1 are below 14%, whereas Ant 5 can obtain 46%-49% total efficiencies, as shown in Fig. 15(d) . Therefore, the proposed 8-antenna array can still work as 6 × 6 (Ants 2, 3, 5, 6, 7 and 8) and 2 × 2 (Ants 5 and 8) MIMO operation in the LTE band 42 and 5.8-GHz WLAN band under the RM condition.
Under TM scenario, the antenna array suffers evident total efficiency degradation. As shown in Fig. 15(e) , the total efficiencies of Ants 1, 2 and 5 are reduced to below 23% across the LTE band 42, while the total efficiencies of Ants 3, 4, 6, 7 and 8 are higher than 26%. As shown in Fig. 15(f) , in the 5.8-GHz WLAN band, the total efficiencies of Ants 1 and 5 are less than 17%, whereas Ants 4 and 8 demonstrate better total efficiencies of larger than 39%. Hence, the proposed 8-antenna array can work well in 5 × 5 (Ants 3, 4, 6, 7 and 8) and 2 × 2 (Ants 4 and 8) MIMO system across the operation frequency bands under TM condition.
E. PERFORMANCE COMPARSION
A performance comparison among the proposed antenna array and previously reported works is summarized in Table 1 . The proposed 8-antenna array adopts three intrinsic decoupling methods, which incurs no additional efficiency loss and easy to be implemented. Compared with multi-band antenna arrays, the proposed antenna array achieves higher isolations. Compared with those of high-isolation antenna arrays that cover single frequency band, the proposed antenna array supports multi-band operation. Moreover, the proposed antenna array has a simple structure and low ECC values. Its total efficiency, peak channel capacity and antenna separation are also comparable to those of other antenna arrays. Lastly, the proposed antenna array converges the 5G and WLAN bands for future multi-network converged system.
IV. CONCLUSION
In this article, a dual-functional MIMO antenna array for 5G/WLAN applications in smartphones is proposed. By integrating eight antenna elements (of two types, namely, FLA and CUA), the proposed antenna array can be applied in the 8 × 8 and 4 × 4 MIMO system across the LTE band 42 and 5.8-GHz WLAN band. High isolation can also be achieved by applying the quasi-orthogonal polarization, balanced mode excitation and pattern diversity techniques. Additionally, it achieves good isolations of better than 17.1 dB, desirable ECCs of lower than 0.045, and high total efficiencies of more than 45% within the operation bands. The calculated ergodic channel capacities for the 8 × 8 MIMO (working in the LTE band 42) and 4 × 4 MIMO (working in the 5.8-GHz WLAN band) are 34.3-37.9 bps/Hz and 18.6-19.3 bps/Hz, respectively. Besides, the proposed antenna has advantages of small ground clearance and simple structure. Due to the above good performance, this proposed antenna array could be a promising choice for 5G/WLAN applications in smartphones.
